Controls on carbon cycling in two contrasting temperate zone estuaries: The Tyne and Tweed, UK by Ahad J et al.
The definitive version of this article is published by Elsevier 
and available online as: 
Ahad, JME; Barth, JAC; Ganeshram, RS; Spencer, RGM; Uher, G , Controls on 
carbon cycling in two contrasting temperate zone estuaries: The Tyne and Tweed, 
UK, ESTUARINE COASTAL AND SHELF SCIENCE 78 (4): 685-693 JUL 30 2008 
doi:10.1016/j.ecss.2008.02.006  
 
Controls on carbon cycling in two contrasting temperate 
zone estuaries: the Tyne and Tweed, UK 
 
 
 
 
 
 
Jason M. E. Ahad,1*  Johannes. A. C. Barth,2  Raja S. Ganeshram,1  Robert G. M. 
Spencer,3§  Günther Uher,3 
 
 
 
 
1School of GeoSciences, University of Edinburgh, Edinburgh, EH9 3JW, UK 
 
3Center for Applied Geoscience (ZAG), University of Tübingen, D-72076 Tübingen, 
Germany 
 
3School of Marine Science and Technology, University of Newcastle upon Tyne, 
Newcastle upon Tyne, NE1 7RU, UK 
 
 
 
 
*Now at Environmental Engineering Research Centre, Queen’s University Belfast, 
Belfast, BT9 5AG, Northern Ireland 
*corresponding author: j.ahad@qub.ac.uk 
Tel: +44 (0)28 9097 5504 
Fax: +44 (0)28 9066 3754 
 
§Now at Department of Land, Air and Water Resources, University of California, 
Davis, CA, 95616, USA 
 
 
 
 
 1 
 
 
 
 
 
 
Submitted to: Estuarine, Coastal and Shelf Science 
September, 2007 
 
 
Abstract 
In order to evaluate the respiration-photosynthesis dynamics in two contrasting 
North Sea estuaries, pH, temperature, alkalinity, chlorophyll a (chl-a), and isotopic 
ratios of dissolved inorganic carbon (δ13CDIC) and dissolved oxygen (δ18ODO) were 
measured in the Tyne (July 2003) and Tweed (July 2003 and December 2003) 
estuaries. Using a concentration-dependent isotope mixing line, δ13CDIC values in the 
Tweed demonstrated mostly conservative behaviour across the estuary, reflecting 
mixing between riverine and marine sources, although samples were slightly more 
13C-enriched than predicted δ13CDIC values. The 13C-enriched δ13CDIC values, 
combined with low pCO2 (< than 2 times atmospheric pressure) and 18O signatures of 
dissolved oxygen (δ18ODO) lower than expected for equilibrium with the atmosphere 
across the salinity gradient pointed to net autotrophy in the summer in the Tweed 
estuary. Conversely, in the Tyne during the summer and in the Tweed during the 
winter higher pCO2 (up to 6.5 and 14.4 times atm. pres. in the Tweed and Tyne, 
respectively), more 13C-depleted δ13CDIC and 18O-enriched δ18ODO indicated 
heterotrophy as the dominant process. The relatively large releases of CO2 observed 
during these two estuarine surveys can be attributed to significant oxidation of 
terrestrially-derived organic matter (OM). This study therefore demonstrates the 
usefulness of combined δ18ODO and δ13CDIC isotopes in examining the relationship 
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between respiration-photosynthesis dynamics and the fate of terrestrially-derived OM 
during estuarine mixing. 
 
1. Introduction 
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 Estuaries are generally considered to be net heterotrophic systems and often 
act as sources of CO2 to the earth’s atmosphere (Smith and Hollibaugh, 1993; 
Frankignoulle et al., 1998). In Europe alone, estimates of annual estuarine CO2 
emissions range between 30-60 million tons of carbon, which corresponds to 5-10% 
of the anthropogenic emissions form Western Europe (Frankignoulle et al., 1998). 
The magnitude of this flux depends mainly on the balance between uptake of 
photosynthetic CO2 and its release via respiration. In turn, the relative intensity of 
these two processes depends on a wide variety of factors, including enhanced 
allochthonous input of labile organic matter, water residence time, sunlight 
availability, rates of community metabolism, temperature and nutrient load (Smith 
and Hollibaugh, 1993; Howland et al., 2000; Wang and Veizer, 2000; Abril et al., 
2002; Ram et al., 2003). In addition, several studies have shown that seasonal 
variations can lead to estuaries shifting from net autotrophic to net heterotrophic 
functioning (Kemp et al., 1992; Smith and Hollibaugh, 1997; Howland et al., 2000; 
Ram et al., 2003). 
Understanding the relative importance of respiration versus photosynthesis 
within an estuary can therefore provide a valuable insight into carbon cycling 
dynamics (i.e., production versus consumption) in these highly complex systems. Two 
parameters that can be used as natural labels to evaluate these processes include 
isotope ratios of dissolved inorganic carbon (δ13CDIC) and dissolved oxygen (δ18ODO). 
DIC concentrations in an estuarine environment are mainly controlled by  
• the degree of mixing between marine and freshwater 
• atmospheric efflux,  
• the relative intensities of photosynthetic and oxidative processes,  
• carbonate and/or atmospheric CO2 dissolution,  
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• and sediment re-suspension of organic matter and its subsequent turnover (Wang 
and Veizer, 2000; Abril et al., 2003; Abril et al., 2004). 
In a system where soil CO2 is primarily derived from decomposition of C3 
plant organic matter (δ13C ca. -27‰; (Wang et al., 1998), the CO2 produced has the 
same δ13CDIC value as the initial substrate as the carbon undergoes little or no 
fractionation during turnover. The partial diffusion of this CO2 gas can then result in a 
13C-enrichment of up to +4.4‰ (Cerling et al., 1991). The dissolution of CO2 and its 
subsequent reaction with the DIC pool at temperatures between 10 and 20oC and pH 
between 7.0 and 9.0 results in a fractionation of about +8‰ (Wigley et al., 1978). 
Therefore, DIC in river water during baseflow conditions typically has δ13C values 
ranging around -15 ‰ for systems dominated by silicate weathering. If carbonates are 
dissolved the δ13CDIC values are further enriched since most marine carbonates 
generally range around 0‰ (Faure, 1986). δ13CDIC values around 0 ‰ can also be 
expected in atmospherically equilibrated waters, since the isotopic composition of 
atmospheric CO2 is around -8‰ and equilibration with aquatic DIC causes the above-
mentioned fractionation of +8‰. 
Photosynthesis and respiration can further alter DIC concentrations and its 
isotopic composition, whereby the former causes a 13C-enrichment due to preferential 
removal of the lighter isotope during DIC (or CO2) uptake and the latter causes a 
negative isotopic shift due to the oxidation of organic matter with a more negative 
δ13C signature (Mook and Tan, 1991). This is particularly the case when more 13C-
depleted organic matter from C3 (the most common plant species in terrestrial 
environments) is converted to DIC. The above shows that several factors can 
influence the isotopic composition of the DIC. Therefore the isotopic composition of 
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dissolved oxygen (δ18ODO) becomes a highly useful tool to isolate the influence of 
photosynthesis versus respiration. 
The latter has been employed in only a few studies to examine respiration-
photosynthesis dynamics in aquatic systems (Quay et al., 1995; Wang and Veizer, 
2000). The air-water equilibrium value for dissolved O2 is +24.5‰. It is the result of  
a +0.7‰ shift during dissolution (Benson and Krause, 1984) from the atmospheric 
oxygen that has a universal value of +23.8‰ (Coplen et al., 2002). If photosynthesis 
dominates, DO becomes supersaturated and the resulting δ18ODO decreases to values 
less than +24.5‰, due to the production of isotopically lighter O2. During aquatic 
photosynthesis the latter originates from the source water that is always more enriched 
in 16O compared to the original atmospheric O2 (Wang and Veizer, 2000). On the 
other hand, respiration leads to DO under-saturation, and the resulting δ18ODO 
becomes more positive than the air equilibrium value of +24.5‰ due to the 
preferential removal of 16O from the dissolved oxygen pool (Kiddon et al., 1993; 
Wang and Veizer, 2000). The isotopic composition of δ18ODO is not influenced by 
carbonate or silicate weathering and generally moves into the opposite direction 
(compared to δ13CDIC) when influenced by either photosynthesis or respiration. Since 
this isotope system also has a distinct value for atmospheric equilibration it provides a 
powerful tool combine with δ13CDIC to differentiate processes. 
In this study we have measured pH, temperature, alkalinity, chlorophyll a (chl-
a), δ13CDIC and δ18ODO in summer low flow conditions (July 2003) in the Tyne and 
Tweed estuaries and winter high flow conditions (December 2003) in the Tweed 
estuary. The objectives of this study were  
• to outline the dominant processes of carbon cycling and  
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• to understand the dominance of secondary photosynthetic and respiration 
processes that in turn control the emission or uptake of CO2.  
This setting is ideal to compare two contrasting estuaries in terms of anthropogenic 
influence under almost identical climatic conditions. While both rivers drain 
catchments containing large areas of peat moorland, the Tyne estuary is characterised 
by a high degree of urbanisation whereas agricultural activity is the dominant 
anthropogenic influence in the Tweed. To our knowledge it is also the first European 
study to apply combined stable isotopes of DIC and DO.  
 
2. Materials and methods 
2.1 Study sites 
The River Tyne, flows through the city of Newcastle and its suburbs with an 
approximate population of 1,100,000. It has a total drainage area of ~ 2900 km2 and 
an average freshwater flow of 48 m3 s-1. Its two main tributaries are the North Tyne, 
which receives humic-rich waters from blanket peat areas, and the South Tyne, which 
drains relatively pristine moorland. The geology in the upper Tyne basin consists of 
Carboniferous limestones and the Namurian Millstone Grit Series, which is 
characterised by thick, coarse and fine-grained sandstones, together with silt- and 
mudstones. The Lower and Middle Coal Measures, in which the dominant rock types 
are shales, mudstones and sandstones, underlie the lower Tyne basin. The maximum 
extent of the mesotidal Tyne estuary (Fig. 1) is ~33 km and the freshwater residence 
time ranges between 5 to 20 days. Although industrial fluxes are in decline to the 
lower part of the estuary it continues to receive significant amounts of urban waste, 
particularly from the Howdon sewage works (HSW) – one of the UK's largest 
secondary treatment facilities (Fig. 1). Dredging has substantially deepened the Tyne, 
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particularly in the lower estuary where depths > 9 m were engineered to accommodate 
shipping (Sheail, 2000). The Tyne estuary contains only a very minor extent of salt 
marshland across the tidal interface. 
The River Tweed and its tributaries on the other hand drain a rural, sparsely 
populated region located in the border region between England and Scotland. The 
combined catchment area of the Tweed and Whiteadder is ~ 4900 km2 and the 
average freshwater input into the estuary is 84 m3 s-1. The main population centre on 
the Tweed estuary, Berwick-upon-Tweed near the mouth of the estuary, is much 
smaller than in the Tyne area with a population of ~25,000. The Tweed catchment is 
dominated by agricultural activity that ranges from upland areas of moorland used for 
sheep grazing to more arable regions in the lowlands (Jarvie et al., 2002). The 
underlying geology of the Tweed consists predominantly of Silurian and Ordovician 
slates, shales and calcareous mudstones and Old Red Sandstone, with Carboniferous 
limestones and basaltic intrusions in the eastern part of the basin. The maximum 
length of the mesotidal Tweed estuary (Fig. 1) is around 13 km and the residence time 
is ~1 day (Uncles and Stephens, 1996). The Tweed estuary is much shallower than the 
Tyne, with large areas of exposed mudflats that become visible during low tide 
(Uncles and Stephens, 1996). Salt marshes in the estuary make up about 10% of the 
tidal surface area (Joint Nature Conservation Committee, UK). Although an estuarine 
sewage works also exists on the Tweed (Fig. 1), its discharge has only a minor 
influence (Uncles et al., 2003; Ahad et al., 2006b). 
 
2.2 Analytical procedures 
Data reported here are from 1-2 m depth water samples collected on single day 
excursions to the Tyne and Tweed estuaries in July 2003 and from the Tweed estuary 
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in Dec 2003. Site selection within the estuary was based on salinity measurements 
using a portable probe. Once back in the laboratory, salinity (S) was measured again 
on a pre-calibrated Hanna (model 8633) conductivity meter. Water temperatures were 
measured in situ, whereas total alkalinity and pH were measured in the laboratory 
within 8 hours after sampling. The pH was determined using a Jenway 3051 pH meter 
with a precision of ±0.02 pH units based on the standard deviation of replicate 
samples. Total alkalinity was measured via HCl titration and replicate field samples 
yielded a relative standard deviation (%RSD) of better than ±9 percent. Total DIC, 
partial pressures of CO2 (ppm) and excess partial pressures of CO2 (pCO2 / 
atmospheric CO2) were calculated from temperature, pH and alkalinity (Clark and 
Fritz, 1997). For other measurements (e.g. suspended material, chlorophyll-a) we 
collected unfiltered water in 250 mL airtight plastic bottles and poisoned it with 
HgCl2.  In addition, unfiltered water samples for isotope analyses of DIC and DO were 
collected in 30 mL airtight glass vials that were also poisoned with HgCl2. 
Suspended material for chlorophyll-a (chl-a) analyses was collected on 
Whatman GF/F filters that were pre-combusted at 440oC for 4 h. The samples were 
filtered and then stored at -20oC prior to chl-a extraction. After soaking the filters for 
several hours in 90% acetone, chl-a was determined in the leachate by measuring 
fluorescence with a Turner Model 450 fluorometer (Parsons et al., 1984). Based on 
multiple analyses of standards and samples, the coefficient of variance for chl-a 
measurements was ±10%. 
δ13CDIC analyses were run on an Optima mass spectrometer that was equipped 
with a Gilson® autosampler after acidification and online isolation of the CO2 in a 
helium carrier gas stream. δ18ODO were analysed in a similar manner after stripping 
the DO by shaking with helium and subsequently using an AP2003 mass 
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spectrometer. For a further explanation of the method for δ18ODO refer to Barth et al. 
(2004). Isotope ratios were expressed in the delta notation as per mil (‰) differences 
relative to the international Vienna Pee Dee Belemnite (VPDB) and Vienna Standard 
Mean Ocean Water (VSMOW) standards, for δ13CDIC and δ18O, respectively. At 
several sites across both estuaries triplicate samples were collected for both 
parameters and based on these as well as internal standards the analytical precisions 
were ±0.3‰ for δ13CDIC and ±0.2‰ for δ18ODO. 
River discharge data are reported here as the two-day averages that always 
incorporate the days prior to sampling. Discharges for the Tyne (Q = 7.3 m3 s-1, 22-23 
July 2003) and Tweed (Q = 14.5 m3 s-1, 07-08 July 2003; Q = 151.2 m3 s-1, 02-03 
December 2003) were obtained from the UK Environment Agency and from the 
Scottish Environment Protection Agency. During the July 2003 Tyne survey, 
extremely low river discharge combined with a spring tide precluded sampling of 
waters with S < 13.9. Conversely, during the December 2003 Tweed survey high river 
flow resulted in a low salinity sample bias.  
 
3. Results 
Chl-a concentrations during all surveys in both estuaries were relatively small 
and ranged from 0.2 to 1.7 µg L-1 (July 2003) and from 2.1 to 4.6 µg L-1 (December 
2003) in the Tweed estuary and from 0.7 to 2.8 µg L-1 (July 2003) in the Tyne estuary. 
Although comparisons in the literature are not available for the Tyne, similarly low 
chl-a concentrations (< 2 µg/L) were previously reported for the Tweed and were 
attributed to a rapid flushing, which hampers repeated algal cell division within the 
tidal estuary (Uncles et al., 2000). The slightly higher chl-a concentrations in the 
Tweed during December were probably related to higher levels of upstream plant 
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debris in the river during this period of high discharge. In general, the above low chl-a 
concentrations support the hypothesis that autochthonous production in both the 
Tweed and Tyne estuaries exerts only a minor impact on the carbon cycling of DIC.  
Total DIC concentrations varied across the Tyne estuary from a high of 3.11 
mM at S = 20.1 to 2.39 mM in the coastal North Sea (Fig. 2a). The values reported 
here for total DIC at the mouths of the Tyne and Tweed estuaries are comparable to 
those reported in the literature for the coastal North Sea (Bakker et al., 1996; Hellings 
et al., 1999; Howland et al., 2000). δ13CDIC values in the Tyne scattered around a 
linear regression with values ranging from -5.9‰ at the least saline sampling location 
(S = 13.9) to +0.1‰ at the marine end-member (Fig. 2b, r2 = 0.92, n = 9). pH in the 
Tyne ranged from 7.51 to 8.17 and generally increased towards the North Sea (Fig. 
3a). In contrast, partial pressures of CO2 decreased towards the North Sea (Fig. 3b). 
Using an atmospheric CO2 concentration of 375 ppm, excess pCO2 values ranged 
from 2.4 to 14.4, with the highest value found at S = 18.3..  
In comparison to the above, the total DIC in the Tweed in July 2003 ranged 
from 2.16 mM (freshwater) to 2.35 mM (marine end member) and behaved more 
linearly across the salinity gradient than in the Tyne (Fig. 4a). The very good linear 
relationship between total DIC and salinity in July in the Tweed estuary (not shown, r2 
= 0.95, n = 10) implied conservative mixing between riverine and coastal North Sea 
end-members. δ13CDIC values (Fig. 4b) ranged from -9.9‰ at S = 1.4 to +0.6‰ at S = 
33.2 in the coastal North Sea. The strong linear relationship between δ13CDIC values 
and salinity (r2 = 0.99, n = 7) in the Tweed during July 2003 also confirms 
conservative mixing. Note that δ13CDIC values from the December 2003 survey were 
not measured. As opposed to the Tyne estuary, the pH in the least saline part of the 
Tweed estuary during the July 2003 transect was relatively high (8.77), and decreased 
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steadily to a value of 8.25 at the North Sea end-member (Fig. 5a). Only during the 
December sampling campaign did the pH of the Tweed estuary exhibit a similar 
pattern to the one of the Tyne. Such high pH values and relatively high total DIC 
contents were also reported by others for the Tweed estuary (Howland et al., 2000; 
Neal, 2002), and probably indicate carbonate-rich groundwater input that dominates 
the riverine DIC during periods of low flow. Conversely, during periods of high flow, 
concentrations of DIC and pH values in rivers are expected to be lower. This is 
because the larger freshwater inputs result in a greater volume of water input from 
overland flow that is less affected by carbonate buffering. This could be confirmed by 
our December sampling campaign with total DIC and pH values ranging from 1.02 to 
2.28 mM (Fig. 4a) and 7.32 to 8.10, respectively (Fig. 5a). However, in contrast to the 
summer sampling campaign, total DIC concentrations in the Tweed during December 
2003 demonstrated non-conservative inputs across the estuary. In July 2003, excess 
CO2 in the Tweed was generally low and increased across the salinity gradient from 
an undersaturated value of 0.6 times the atmospheric pressure at the freshwater end-
member to a maximum of 1.9 times the atmospheric pressure at the North Sea 
sampling location (Fig. 5b). Conversely, during December 2003, the excess CO2 was 
much higher, ranging from 2.5 to 6.5 times the atmospheric pressure (Fig. 5b). 
The δ18ODO values in the Tyne were all significantly more enriched in 18O than 
the air-water equilibrium value of +24.5‰ and ranged from +26.1‰ at S = 13.9 to 
+25.4‰ at S = 32.5 (dashed line in Fig. 6). In comparison, the δ18ODO signatures in 
the Tweed during July 2003 increased from +22.5‰ at S = 1.4 to +25.2‰ at S = 33.2. 
During December 2003 the δ18ODO values in the Tweed were relatively invariant 
across the estuary (+24.9 ±0.2‰). 
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4. Discussion 
In order to verify whether δ13CDIC signatures obey conservative mixing 
between marine and riverine sources, a two end-member mass balance equation using 
both isotopic and concentration data was utilised (Mook and Tan, 1991): 
 
δ13CDIC-pred = 
FMMFMFS
F
13
FMM
13
MFM
13
MF
13
FS
DICS DICS )DIC  (DICS
CδDICS CδDICS )CδDIC  Cδ(DICS
−+−
−+−
   (1) 
 
Where SS, SF and SM and DICS, DICF and DICM refer to the salinities and total DIC of 
the sample, the freshwater and the marine components, respectively, and δ13CDIC-pred 
refers to the predicted or calculated δ13C signature for DIC. Unfortunately, precise 
freshwater end-members were not obtained for either the Tyne or Tweed estuaries 
during the July 2003 surveys. Thus, total DIC and δ13CDIC values measured at the 
lowest salinities of 1.4 and 13.9 were substituted for the freshwater end-members (SF) 
in the Tweed (DICF = 2.19 mM, δ13CF = -9.9‰) and Tyne (DICF = 3.16 mM, δ13CF = 
-5.9‰), respectively. While we cannot test for estuarine mixing behaviour near the 
freshwater-saline interface, our data incorporated into Eq. 1 can still be used to 
analyse the mixing behaviour over the salinity range investigated. In any case, 
plotting salinity versus δ13CDIC for the July 2003 data set (Fig. 2b and Fig. 4b) yields 
freshwater end-members (at the y-intercept) of approximately -10.3 and -11.3‰ for 
the Tweed and Tyne, respectively. These values are within the narrow range of 
δ13CDIC values (-10 to -12‰) reported by (Mook, 1970) for DIC in a variety of rivers 
in northwestern Europe. SM, DICM and δ13CM were measured in the coastal North Sea 
at the mouth of each estuary and were 33.2, 2.34 mM and +0.6‰ for the Tweed and 
32.5, 2.40 mM and +0.1‰ for the Tyne. 
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The conservative isotopic mixing curves are plotted with the measured δ13CDIC 
signatures in Fig. 2b and Fig. 4b as solid lines. In the Tyne, many of the measured 
δ13CDIC values were slightly lower than those predicted by conservative mixing (Fig. 
2b), while in the Tweed several data points were slightly higher than the predicted 
δ13CDIC values (δ13CDIC-pred) (Fig. 4b). The differences between measured δ13CDIC 
values and δ13CDIC-pred (δ13CDIC - δ13CDIC-pred) ranged from -0.9 to +0.2‰ (mean = -0.4 
‰, n = 9) and -0.5 to +1.1‰ (mean = +0.3‰, n = 7) in the Tyne and Tweed estuaries, 
respectively. An unpaired Student’s t-Test yielded a t-value of 2.84 (critical t-value = 
2.145, P = 0.05, degrees of freedom = 14), indicating a significant difference between 
the two means at the 95% confidence interval. These deviations from the conservative 
mixing line suggest that in addition to estuarine mixing other processes in these two 
estuaries were influencing the δ13CDIC signatures. 
A proper riverine end-member was not obtained during the July 2003 survey 
to the Tyne estuary. Therefore, it was not possible to ascertain whether DIC 
distributions reflected a significant estuarine input or whether the higher levels of DIC 
across the Tyne were a function of a relatively high freshwater concentration, 
reflecting watershed soil and aquifer processes. However, considering the high pCO2 
(up to 14.4 times higher than atmospheric pressure) measured during the Tyne survey, 
it is likely that the negative deviations from the conservative mixing line of δ13CDIC 
(Fig. 2b) were a result of water column oxidation of 13C-depleted organic matter. 
Dissolution of carbonates or equilibration with atmospheric CO2 result in δ13CDIC 
values around 0‰ and would have caused a positive deviation from the conservative 
mixing line and can therefore be excluded as driving processes in the Tyne estuary. 
Furthermore, due to the relatively low suspended matter concentrations reported in the 
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Tyne during the July 2003 transect (Spencer et al., 2007) it is not likely that DIC was 
released via fluid mud resuspension (Abril et al., 2004).  
The high pCO2 values in the Tyne are within range of those reported in other 
estuaries in Western Europe (Frankignoulle et al., 1998; Abril et al., 2002; Barth et 
al., 2003). In these studies the large CO2 fluxes emitted from these estuaries were 
mostly attributed to the mineralization of labile, pollution-derived organic matter 
(OM). In the lower part of the estuary just downstream of the main urban area (Fig. 1) 
is the Howdon sewage works, one the UK’s largest estuarial secondary treatment 
facilities. A distinct ammonium (NH4+) plume originating from the Howdon sewage 
works can be can consistently traced throughout the Tyne estuary, with NH4+ 
concentrations generally decreasing away from the point of origin (Ahad et al., 
2006b). However, during the July 2003 survey low river discharge combined with a 
spring tide resulted in a considerable broadening of Howdon-derived NH4+ in the 
Tyne estuary (Ahad et al., 2006b). It is therefore likely that sewage-derived OM 
followed this same pattern, leading to high pCO2 values in sampling sites located 
upstream of Newcastle, where such pollutant load is typically lower (Fig. 3b). 
However, as will be discussed in a later paragraph, it is also possible that a significant 
amount of labile terrestrial material originating from within the watershed also 
contributes to bacterial oxidation within the estuary.  
While δ13CDIC values mostly obeyed conservative mixing, the slightly more 
13C-enriched behaviour observed in some δ13CDIC samples in the Tweed during July 
2003 may have been the result of either photosynthesis, dissolution of carbonates or 
equilibration with atmospheric CO2. However, considering the short residence time of 
the Tweed (~ 1 day), prolonged atmospheric equilibration is not considered to play a 
major role in influencing DIC distributions across this estuary. This leaves either 
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photosynthesis or dissolution of carbonates as the two main processes responsible for 
the slightly 13C-enriched δ13CDIC values found in this estuary. Considering the lack of 
a discernible estuarine input of DIC, it is unlikely that the latter two processes had a 
major influence on the behaviour of δ13CDIC signatures across the salinity gradient. 
Hence, δ13CDIC values in the Tweed were likely affected by the preferential removal 
of 12C from the DIC pool via photosynthetic uptake. This is also supported by DO 
supersaturation (data not shown from the Scottish Environmental Protection Agency) 
and lower freshwater pCO2 levels reported here and in other studies (Neal et al., 1998; 
Howland et al., 2000). Therefore, the most intensive summertime autotrophic activity 
in the Tweed is probably confined to the non-tidal river. Taking into consideration the 
low chl-a values (<1.7 µg/L) reported in this study, benthic macrophytes are likely to 
be the dominant cause of net autotrophy in the Tweed, as has been suggested by 
others (Neal et al., 1998; Howland et al., 2000). 
Other evidence which points to net autotrophy in the Tweed and net 
heterotrophy in the Tyne in the summer can be found by examination of δ18ODO (Fig. 
6). The dashed line in this figure represents the expected δ18ODO values caused by 
atmospheric equilibration (+24.5‰). During July 2003 δ18ODO values from the Tweed 
mostly plot below +24.5‰, suggesting net autotrophy within the estuary. However, 
δ18ODO signatures produced by photosynthesis will also reflect the δ18O of the source 
water from which dissolved oxygen is formed during photosynthesis. However, in an 
estuary the δ18O of the water (δ18OH2O) should change linearly with salinity, reflecting 
conservative mixing between freshwater and seawater. Consequently, while δ18ODO 
signatures across the Tweed during July 2003 reflect net autotrophy and mixing with a 
more air-water equilibrated 18O-enriched marine DO end-member, the positive linear 
increase in δ18ODO values observed across the salinity gradient during this period may 
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also be a function of the increasing δ18OH2O signatures. In any case, the most 18O-
enriched δ18ODO signatures were found in the freshwater regions of the estuary, 
confirming that the most intensive autotrophic activity was confined to the non-tidal 
river. 
In contrast to the Tweed summer survey, δ18ODO values from the Tyne fall 
above the atmospheric equilibration value of +24.5‰. Fig. 6 shows a consistent DO 
18O-enrichment across the entire salinity gradient, with values approaching 
atmospheric equilibration at higher salinities. Therefore, in conjunction with high 
pCO2 values (excess pCO2 = 2.4 to 14.4) and slightly 13C-depleted δ13CDIC signatures, 
δ18ODO isotopes provide further evidence for the dominance of heterotrophic activity 
in the Tyne estuary during July 2003. 
δ18ODO signatures in the Tweed during December 2003 plot slightly above 
+24.5‰ (Fig. 6) and indicate that the large freshwater input into this estuary during 
the winter survey was approaching equilibration with atmospheric oxygen. The 
slightly elevated δ18ODO signatures are associated with higher pCO2 values (excess 
pCO2 = 2.5 to 6.5), confirming net respiration within the Tweed during the winter. 
(Howland et al., 2000) have also reported this seasonal reversal in photosynthesis-
respiration dynamics in the Tweed estuary. Since pollution-derived anthropogenic 
carbon inputs into the relatively pristine Tweed are thought to be minor, these results 
suggest that a significant amount of terrestrial organic carbon was undergoing 
mineralization in the Tweed estuary during the December 2003 survey. Further 
evidence for this can be seen in DIC distributions, which showed non-conservative 
inputs across the salinity gradient (Fig. 4a). 
Significant removal of terrestrially-derived total and high molecular weight 
(HMW) dissolved organic carbon (DOC) have been observed across the low salinity 
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regions in both the Tyne and Tweed estuaries (Ahad et al., 2006a; Spencer et al., 
2007). While flocculation and adsorption processes are considered important removal 
mechanisms in these estuaries (Spencer et al., 2007), it is likely that microbial 
oxidation of this young (i.e., modern radiocarbon ages; (Ahad et al., 2006a) and 
therefore potentially labile pool of terrigenous organic matter is contributing to the 
large CO2 releases observed in the Tyne during the summer and in the Tweed during 
the winter. In contrast to the HMW fraction of the DOC pool, radiocarbon analyses 
indicated considerably older ages (ca. 500 to 5000 years BP) for particulate organic 
carbon (POC) in these two estuaries (Ahad, 2005), suggesting a more refractory larger 
OM size fraction. However, because the 14C contents of bulk POC reflect a 
heterogeneous mixture, it is possible that younger, more labile fractions within the 
POC pool were preferentially being utilised. Additionally, it is also possible that a 
significant component of supposedly recalcitrant older POC was undergoing 
microbial oxidation, perhaps as a result of co-metabolism with younger OM (Bianchi 
et al., 2004). Research that specifically addresses the age of terrestrially-derived OM 
undergoing oxidation in such estuaries is clearly needed to further understand these 
processes. 
It should also be noted that the net autotrophy reported in the Tweed during 
July 2003 does not necessarily diminish the role of microbial degradation in DOC 
removal. The concentrations of terrestrially-derived DOC entering the Tweed estuary 
in July 2003 were much lower compared to December 2003 (Ahad et al., 2006a; 
Spencer et al., 2007); therefore, the amount of DIC released during DOC oxidation 
would also be reduced. Given the higher concentrations of riverine DIC attributed to 
carbonate-rich groundwater input during the summer (Fig. 4), delineating DIC 
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generated by the oxidation of terrigenous DOC becomes very difficult, particularly 
when simultaneous photosynthetic uptake is the dominant process. 
 
5. Conclusions 
At first examination it appeared that δ13CDIC trends across the Tyne and Tweed 
estuaries in the summer were almost entirely governed by estuarine mixing between 
riverine and marine sources. However, a DIC concentration dependent isotopic 
mixing line demonstrated small but significant deviations from conservative 
behaviour (δ13CDIC-measured- δ13CDIC-predicted). The deviations were negative and more 
pronounced in the Tyne and showed slightly 13C-depleted δ13CDIC values across the 
salinity gradient. In the Tweed, where δ13CDIC signature more closely followed 
conservative mixing, these deviations were less obvious and plotted above the 
conservative mixing line. These differences between measured and predicted δ13CDIC 
values provided valuable insight into respiration-photosynthesis dynamics and 
indicted that during the summer the Tyne and Tweed estuaries were net heterotrophic 
and autotrophic systems, respectively. The wide ranging pCO2 levels of 2 times less 
than- and up to 14.4 times more than atmospheric pressure in the Tweed and Tyne 
estuaries further supports these conclusions.  
The combined use of δ13CDIC and δ18ODO isotopes enabled further delineation 
between DIC changes that were associated with oxidation of organic matter and those 
associated with net autotrophy. In the Tyne during July 2003, δ18ODO values were 
generally heavier than the atmospheric equilibration value (+24.5‰) and indicated net 
heterotrophy. With this respiration can be outlined as a dominant process within the 
Tyne estuary. δ18ODO values in the Tweed during the same period were smaller than 
+24.5‰ (i.e. comparatively more enriched in 16O), thus implying net autotrophy and 
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with this the dominance of photosynthesis. However, during December 2003 δ18ODO 
values in the Tweed were slightly 18O-enriched and demonstrated a seasonal reversal 
in respiration-photosynthesis dynamics. The switch to net heterotrophy in the winter 
was supported by inputs of DIC that did not match the conservative mixing line and 
by elevated pCO2 values of up to 6.5 times more than the atmospheric pressure. 
In conclusion, terrestrial organic matter delivered to the world’s oceans can 
undergo significant modification during estuarine transport. These conclusions are of 
relevance for the understanding of estuarine ecosystem dynamics as well as net 
balance transportation of carbon from continents to oceans. Therefore, new tools that 
help elucidate seasonal and site-specific variability in net heterotrophy are vital to the 
understanding of carbon cycling and ecosystem functioning. The dual δ18ODO and 
δ13CDIC isotope combination provides such a tool and future studies with higher 
spatial and temporal resolution would greatly benefit from its application. 
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List of Figures 
 
Fig. 1. Map of the Tyne and Tweed estuaries 
 
Fig. 2. a) Concentrations of total DIC [mM] and b) δ13C values (‰) for DIC (δ13CDIC) 
in the Tyne estuary during July 2003 plotted versus salinity. The dashed line in Fig. 
2b represents the linear regression between δ13C and salinity (r2 = 0.92, n = 9). The 
solid line in Fig. 2b represents the conservative isotopic mixing curve according to 
Eq. 1. Accuracy and reproducibility was ±0.3‰ for δ13C values. 
 
Fig. 3. a) pH and b) partial pressures of CO2 (pCO2)  in the Tyne estuary during July 
2003 plotted versus salinity. The horizontal dashed line in Fig. 3b represents the 
atmospheric CO2 concentration of 375 ppmV. 
 
Fig. 4 a) Concentrations of total DIC [mM] and b) δ13C values (‰) for DIC (δ13CDIC) 
in the Tweed estuary during July 2003 (open triangles) and December 2003 (open 
squares) plotted versus salinity. The straight dashed lines in Fig. 4a represent the 
concentration of DIC expected due to conservative mixing between riverine and 
marine sources DIC. The dashed line in Fig. 4b represents the linear relationship 
between δ13C and salinity (r2 = 0.99, n = 7). The solid line in Fig. 4b represents the 
conservative isotope mixing curve according to Eq. 1. Accuracy and reproducibility 
was ±0.3‰ for δ13C values. 
 
Fig. 5 a) pH and b) partial pressures of CO2 (pCO2) in the Tweed estuary during July 
2003 (open triangles) and December 2003 (open squares) plotted versus salinity. The 
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vertical dashed line in Fig. 5b represents the atmospheric CO2 concentration of 375 
ppmV. 
 
Fig. 6. δ18O values (‰) for dissolved oxygen (δ18ODO) in the Tyne estuary during July 
2003 (closed circles) and in the Tweed estuary during July 2003 (open triangles) and 
December 2003 (open squares) plotted versus salinity. The dashed line represents the 
δ18ODO air-water equilibrium value of +24.5‰. Values above it show that the 
dissolved oxygen was influenced by respiration and values below indicate 
photosynthesis. Vertical error bars represent the reproducibility of ±0.2‰ on δ18O 
values. 
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Fig. 2. a) Concentrations of total DIC [mM] and b) δ13C values (‰) for DIC (δ13CDIC) 
in the Tyne estuary during Jul-03 plotted versus salinity. The dashed line in Fig. 2b 
represents the linear regression between δ13C and salinity (r2 = 0.92, n = 9). The solid 
line in Fig. 2b represents the conservative isotopic mixing curve according to Eq. 1. 
Accuracy and reproducibility was ±0.3‰ for δ13C values. 
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Fig. 3. a) pH and b) partial pressures of CO2 (pCO2)  in the Tyne estuary during Jul-
03 plotted versus salinity. The horizontal dashed line in Fig. 3b represents the 
atmospheric CO2 concentration of 375 ppmV. 
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Fig. 4 A) Concentrations of total DIC [mM] and b) δ13C values (‰) for DIC (δ13CDIC) 
in the Tweed estuary during Jul-03 (open triangles) and Dec-03 (open squares) plotted 
versus salinity. The straight dashed lines in Fig. 4a represent the concentration of DIC 
expected due to conservative mixing between riverine and marine sources DIC. The 
dashed line in Fig. 4b represents the linear relationship between δ13C and salinity (r2 = 
0.99, n = 7). The solid line in Fig. 4b represents the conservative isotopic mixing 
curve according to Eq. 1. Accuracy and reproducibility was ±0.3‰ for δ13C values. 
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Fig. 5 a) pH and b) partial pressures of CO2 (pCO2)  in the Tweed estuary during Jul-
03 (open triangles) and Dec-03 (open squares) plotted versus salinity. The vertical 
dashed line in Fig. 5b represents the atmospheric CO2 concentration of 375 ppmV. 
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Fig. 6. δ18O values (‰) for dissolved oxygen (δ18ODO) in the Tyne estuary during Jul-
03 (closed circles) and in the Tweed estuary during Jul-03 (open triangles) and Dec-
03 (open squares) plotted versus salinity. The dashed line represents the δ18ODO air-
water equilibrium value of +24.5‰. Values above it show that the dissolved oxygen 
was influenced by respiration and values below indicate photosynthesis. Vertical error 
bars represent the reproducibility of ±0.2‰ on δ18O values. 
